We report the growth of self-doped silicon nanowires (SiNWs), using gallium and bismuth catalysts, by employing a vapour-liquid-solid method. This enables the formation of both p-and n-doped nanowires without the use of expensive and toxic gases that are conventionally used and opens a new route to a simplified and cost effective process for doping SiNWs. The chosen catalysts have the lowest eutectic temperature available for the growth of silicon nanowires. The growth of self-doped SiNWs, for the fabrication of photovoltaic cells, has been demonstrated for the first time in this study.
Introduction
There are ongoing attempts to bring down the cost per watt of photovoltaic solar cells by increasing their efficiency and cutting the fabrication cost. The possible routes to increase in the efficiency are: surface texturing , antireflection coating, use of black silicon, plasmonics [1] [2] [3] [4] , or fabrication of solar cells using alternative materials that are more inexpensive compared to silicon (Si) solar cells. Albeit, there are a number of upcoming materials to replace Si in solar cell industries, Si-based solar cells have the largest share of the photovoltaic market [5] . The average cost of a Si solar cell module in 2015 was $0.6/W, compared to $1.9/W in 2010 [6] . In recent years, a method has been proposed to improve the efficiency of solar cells by light absorption with the use of nanostructures, this includes; nanowires [7] , nano-cones [4] , and nano-domes [1] . Nanostructured solar cells are gaining more importance these days due to low-cost fabrication, enhanced antireflection (AR) without the need for additional AR coating on the top of the solar cell, light trapping and both a graded and/or high refractive index [8] [9] [10] [11] .
Plasma-enhanced chemical vapour deposition (PECVD) is a mature manufacturing technology in
industries that manufacture amorphous/micro-crystalline Si solar cells. This technique is generally used for deposition of amorphous silicon (a-Si:H), however, using a metal catalyst and exploiting a vapour-liquid-solid (VLS) growth process, it is possible to obtain crystalline Si [11] . This technique has been used to grow Si nanowires. In brief, the VLS growth process involves Si vapour adsorbed onto and diffused into liquid metal droplet when the supersaturated precipitation of Si atoms is observed as solid crystalline nanowires [11] . The metal catalyst that is employed in the VLS growth process can deliver some advantages if carefully selected. It is already well established that the growth of metal-assisted Si nanowires intake metal atoms in their lattice structures during the growth process [12] . This can be beneficial if the chosen metal ionisation energy level is close to conduction and/or valence band of Si. Such selection of a metal catalyst will contribute to self-doping. Contrary to this, if the ionisation/impurity energy level of metal used as a catalyst such as Gold (Au) is close to the middle of the band-gap, it acts as an effective recombination centre for charge carriers and significantly degrades carrier mobility and lifetime. This will contribute to a decrease in the efficiency of solar cells. Au is commonly used in the growth of SiNWs by PECVD. Therefore, by selecting metals, other than gold, whose ionisation energy levels contribute in doping as well as facilitating the growth of SiNWs will open a new chapter of self-doping. There are established methods to dope SiNWs that include diffusion processes, dissociation and injection of dopants from gaseous precursors (diborane and phosphine) during the nanowire growth [11] . However, doping from a catalyst has several advantages, such as; elimination of toxic gases, avoiding the complexity of counter-doping caused from the catalyst, reducing costs, and simplifying the optimisation process.
SiNW solar cells fabricated on glass substrates use different junction architectures including P-N and P-i-N junctions. In these architectures, the core nanowire is crystalline and other layers deposited over the core nanowire are amorphous Si. The Examples reported include; a crystalline Si nanowire core is either P/N-type and the junction is formed by the deposition of N/P-type a-Si:H over a core nanowire, efficiency is further improved by introducing intrinsic a-Si:H between the N/P-type crystalline Si core and the P/N-type a-Si:H layer, which enhances depletion width [11, 13] . a-Si:H is not only used for the formation of a junction, it is also used for the surface passivation of nanowires to minimise the surface defects and recombination of carriers [10, 11] . However, use of a-Si:H in SiNW solar cells poses several problems including stability and efficiency. In particular, solar cells that utilise a-Si:H suffer from low mobility and conductivity, light-induced degradation, and low carrier diffusion length, which is a consequence of defects within the material [14, 15] .
In this work, we show in-situ self-doping of SiNWs during growth from an appropriate metal catalyst; both p-type and n-type doping can be achieved. Amongst several metal catalysts, the catalyst that can dope SiNWs, while keeping the eutectic temperature as low as possible (< 300 O C) was selected.
Nanowires grown from selected catalysts were examined by the Seebeck effect to confirm the doping type. In a nutshell, we discuss the doping of SiNWs from catalysts and the use of 
Experimental details
Single side polished doped Si wafers, both n-type (phosphorous doped, 300μm thickness, 8-30 ohmcm, (100) orientations) and p-type (boron doped, 270μm thickness, 1-20 ohm-cm, 100 orientations),
were used for the fabrication of the solar cells. Si wafers and glass substrates (corning -2855) were cleaned using an RCA process and the native oxide on Si wafers was removed by immersing wafers in a buffered hydrofluoric (HF) acid solution for 8 seconds, then the residual HF is removed by rinsing thoroughly in deionised water. Aluminium was evaporated onto the unpolished side of the p-Si wafer and gold-antimony alloy was evaporated onto the unpolished side of the n-Si wafer at 0.1 nm/s at 5 x 10 -6 mbar base pressure to obtain a 250nm thick layer This was annealed in a vertical furnace at 500 O C for 30 minutes in a nitrogen atmosphere to establish ohmic contact. Later, Si and glass substrates were loaded into a thermal evaporator to deposit 5nm thin films of Ga and Bi at 0.1nm/s at 5 x 10 -6 mbar base pressure. Thickness was measured using a quartz microbalance. Si and glass coated with Ga and Bi were loaded into a capacitively-coupled RF-PECVD chamber and subjected to an H 2 plasma at 400 o C, with an H 2 flow rate of 100 sccm (standard cubic centimetre per minute), 25W RF power and chamber pressure 260 mbar for 180 s to form catalyst nanoparticles. Immediately after this, SiH 4 gas was introduced at 20 sccm with the RF power reduced to 10W while maintaining the same pressure for a duration of 15 minutes to grow the SiNWs. After cooling down the PECVD chamber to room temperature, the substrates with SiNWs were loaded into the vacuum thermal evaporator to deposit a 500nm thick Ag top electrode under the same conditions as discussed before to complete the fabrication of a solar cell. Finally, fabricated solar cells are rapidly annealed wherein the substrate temperature was maintained at 1000°C for 4 seconds using a tungsten filament heater in the vacuum evaporator which was at 10 -7 mbar base pressure.
A Seebeck experiment was performed to determine the type of doping from the catalyst for the SiNWs. The in-house experimental setup comprised of; two Peltier cells, a heat sink, a pico-ammeter (HP-4140B), thermometers, and a pyrometer (for monitoring the temperature). In this experimental system, one Peltier module is used to generate a heated plate and the other to generate a cooled plate.
Within the Seebeck experiment, the generation of the voltage is determined by the difference in the metal responses. Here both electrodes were 500 nm thick Al electrodes (100 μm gap between electrodes), and so the observed potential difference will be negligible. Due to the fact that very low currents pass in SiNWs, a pico-ammeter with a resolution of 1 fA was used. In this experiment, the temperature of the first Al electrode (cold side) was maintained at -5 o C and the other Al electrode (heated side) was maintained at +60 o C. Reflectance measurements were performed using a Thermoscientific UV-Vis-NIR evolution 300 spectrometer equipped with 45° fixed angle specular reflectance accessory purchased from Pike Technologies. The spectrometer resolution is 0.5nm and it is fitted with a xenon light source.
Results and Discussion
A few studies have shown that tapered nanowires with the absence of the metal catalyst, at the tip of the nanowires, are attributed to the evaporation of the metal during growth, etching of metal by formation of metal-hydrides in the presence of H-radicals, or the incorporation of the metal atoms in the nanowires [13, 16, 17] . Using atom probe tomography, a single nanowire grown from In and Sn was studied experimentally to understand and provide evidence for the incorporation of catalyst atoms in SiNWs growth via a PECVD process [12] . It is advantageous when the incorporated metal atoms in
Si can contribute to doping. As shown in Fig.1 , a few elements create an ionisation energy level close to the valence or conduction-band edges of Si. Elements such as Sb, P, As, and B are generally used for doping Si wafers. Considering only those metals that have the potential to grow SiNWs; metals such as Bi, Mg, and Ti can introduce an impurity level close to the conduction band edge of Si that facilitates n-type doping and metals such as Al, Ga, and In can introduce an impurity level closer to the valence band edge of Si that facilitates p-type doping. To dope SiNWs we have considered Bi as a catalyst to grow n-doped SiNWs and Ga as a catalyst to grow p-doped SiNWs, because of their low eutectic temperature with Si (for n/p type doping), the existence of one ionisation energy level compared with two energy levels introduced by Mg and because the ionisation energy levels are much closer to the conduction-band edge as compared with other metals (Fig.1) .
Fig.1. Ionisation energy levels in the forbidden gap of Si introduced by impurities [18], Metals that have a potential to grow SiNWs are indicated with their eutectic temperature (left). Illustration of p-n junction SiNW solar cells from Ga and Bi mediated SiNWs fabricated in this work (right).
The incorporation of a catalyst in SiNWs is more prominent when the growth temperatures are higher than the eutectic temperature of the alloy, and during faster growth rate of nanowires [12, 13] . Hence, growth temperature in this work was maintained at 400 o C, which is higher than the eutectic temperature of Bi and Ga with Si. Recently, Yu et al experimentally demonstrated simultaneous Bi assisted growth and doping of SiNWs without the use of dopant gases and showed its potential in the fabrication of radial junction SiNW solar cells [13] . Generally, semiconductor electronic devices require a controlled doping. The doping established in the VLS process can be quantitatively controlled by varying the catalyst size (amount of metal atoms available in a catalyst droplet) that is available to assist growth.
Bismuth-catalysed SiNWs
Bi metal is used as a catalyst to grow SnS 2 nanotubes [17] , germanium nanowires [16] , and selfcatalysed bismuth whiskers and nanowires [19] . Recently, Bi has been exploited for the growth of SiNWs [20] . It is an interesting prospect as a catalyst due to its low eutectic temperature of 271.4 o C with Si and it brings out a shallow donor level (0.069eV below the conduction-band edge of Si).
There are few reports on the growth of SiNWs with Bi as a catalyst. This may be due to several challenges, including; the quick oxidation of bismuth [16] , the high vapour pressure [13, 17, 20] , the low Si solubility [21] , and the low surface tension [11] . The growth of SiNWs from Bi is better understood with a binary phase diagram that explains the VLS growth process. As seen in Fig.2 , only reflectance is approximately 3% higher than the calculated response. The reflectivity increases after depositing the catalyst, which is possible due to the fact that the property of the high reflectivity shown by metals is inherited. Interestingly, the reflectivity decreases to less than 20% for all wavelengths, from visible to near-infrared, after the growth of SiNWs.
Fig.2. Binary phase diagram of Bi-Si alloy reproduced from [21] (Left). Reflectance of Si wafer depicting increased reflectance in Si coated with Bi catalyst and reduced reflectance due to efficient light absorption in SiNWs (right).
According to Nebol's criterion, it is difficult to obtain a unidirectional growth of SiNWs from low surface tension metals. Later, Schmit, et al showed the minimum surface tension of a liquid metal catalyst to be 0.85 J/m 2 to attain a stable VLS growth of SiNWs. Therefore, SiNW growth from Bi is puzzling due to the low surface tension of about ~0.36 J/m 2 . Later, Yu et al [11] described a growth process of nanowires in low surface tension metals considering the Sn catalyst that can be implied to all low surface tension metals (including Bi used in this work). Fig.3 depicts the morphology of SiNWs grown from a Bi catalyst that are better separated and appear to be straight. However, these nanowires are tapered, which can be ascribed to the reduction in the size of the catalyst during growth that reduces the region of the Si precipitation. Shrinkage of the catalyst is observed owing to; 1) formation of volatile metal hydrides by reaction with H-radicals from plasma, 2) the high rate of evaporation of Bi due to the high vapour pressure at temperatures exceeding 350 o C, which is assisted by the abnormal Arrhenius behaviour of Bi from 350 °C to 1000 [19] , and 3) wetting of sidewall of SiNWs, a general problem posed by SiNWs grown from low surface tension metal catalyst [11] and diffusion of Bi in SiNWs.
Fig. 3. Formation of Bi nanoparticles after H 2 -plasma treatment (a), SiNWs grown from Bi following VLS process with presence of catalyst on top (b), high magnification image showing tapered SiNWs (c). All scale bars in SEM images are 1μm.
The vapor pressure of an element (p) determines the rate of evaporation as a function of pressure at the desired temperature [16] :
Where ϒ is the surface tension of a metal particle, T is the temperature, M is the atomic mass of a metal, r is the radius of the particle, ρ is the density, R is the Arrhenius constant and P o (T) is the vapour pressure of the metal particle. As shown in equation (1), the surface tension is directly proportional to the vapour pressure. Considering the low surface tension of bismuth-silicon alloy system, initially, it would not tend to vaporise at faster rates at a given temperature and pressure.
However, after H 2 -plasma treatment, the nanoparticles of Bi would gain surface tension due to changes in their morphology to spheres (to minimise surface energy), where vaporisation of Bi increases. As nanowires grow, Bi is constantly dissolved into SiNWs while etched by H-radicals that cause the reduction in their size. At this stage, the vaporisation of Bi is drastically increased due to the smaller radius of Bi particles, which can be deduced from the equation (1), where the radius of the particle is inversely proportional to the vapour pressure. This clearly indicates that the growth process needs to be optimised with proper consideration for all stages of the PECVD growth process.
Gallium Catalyzed SiNWs
Ga is extensively studied as a catalyst to grow nanostructures, including SiNWs, for applications in; charge storage, solar cells, and gas sensors [22, 23] . It has a single eutectic temperature, as low as 
Fig.4. Binary phase diagram of Ga-Si alloy reproduced from [24](Left). Reflectance of Si wafer depicting increased reflectance in Si coated with Ga catalyst and reduced reflectance after SiNW growth due to efficient light absorption in SiNWs (right).
Ga mediated SiNW growth shows better morphology with dense and vertical nanowires (Fig.5 ). This 
Characterisation of SiNWs and Solar cells
Seebeck experiments were performed to determine properties such as the dopant type in semiconductors and to gather properties of thermoelectric devices [25] [26] [27] [28] . This kind of experiment is performed for large scale devices not excluding nanostructures to understand the thermoelectric properties in ZnO nanowires [26] , SiNWs [27, 28] , and Si-nanoparticles [25] . The experimental setup used in this work is similar. However, a detailed investigation was not performed, as the research focus is not to understand the thermoelectric properties of SiNWs. Instead, it focuses on determining if the catalyst contributed to the doping of SiNWs and to understand the dopant type (n/p). By convention, semiconductors are determined to be p-type when holes diffuse from the cooled to the heated side of the device. Moreover, when electrons diffuse from the hotter to the cooler side, they are determined as n-type. Hence, one can easily determine the semiconductor type by measuring the current or the voltage across the semiconductor which is subjected to a temperature gradient. In this work, the current is measured to determine the type of semiconductor, in contrast, the semiconductor is n-type when a positive value of current is measured and p-type when a negative value of current is measured. To measure the current flowing in SiNWs due to temperature gradients, SiNWs grown on glass substrates were covered by Al gap electrodes. A current could be measured, but not for all the samples with SiNWs. This is attributed to the growth morphology of the nanowires not being the same for every sample, conformal metal coating on the top of the nanowires is challenging for uneven nanowires and if the grown nanowires are perpendicular, unless they touch each other there would not be a path for the current flow. Hence, the glass substrates that are initially coated with Al gap electrodes are used and scratched SiNWs are sprinkled at the gap between the electrodes for analysis.
The currents measured for SiNWs grown from Bi and Ga catalyst were +430pA and -154pA
respectively. This clearly indicates that nanowires are doped from catalyst atoms and confirms that Bi-mediated SiNWs are n-type while Ga-mediated SiNWs are p-type. 
(left). Top view of solar cells with SiNWs covered with top contact (right).
Measured I sc and V oc are comparable to traditionally doped SiNW solar cells with an efficiency of 5.8% and 9.2%, for Bi and Ga-doped SiNWs respectively (Fig. 7) . The measured efficiency is higher in Ga-based SiNW solar cells due to the dense growth of nanowires, that enhances light trapping and absorption. Better performance of solar cells fabricated from SiNWs grown from Ga compared to Bi is also attributed to the higher Si volume fraction obtained from dense growth that contributes to a higher number of photo-generated carriers. Light absorption does not heavily depend on the arrangement (periodical, hexagonal, or square) of nanowire arrays, but it increases logarithmically with increasing length in the nanowires [30] . SiNWs grown from Ga and Bi are approximately 3μm and 1 μm long, respectively, which is another key parameter that has shown higher efficiency for solar cells with SiNWs grown from Ga. However, the choice of catalyst is important if doping has to be achieved; not all catalysts take part in doping. This is understood with the impurity level in the forbidden gap of Si. Some metals (Au, Cu and Zn) have ionisation energy levels close to the middle of Si band-gap [11] that would pose a serious threat in the increasing recombination rate of carriers.
Hence, these metals are generally excluded for growth of SiNWs used in electronic devices.
Conversely, metal catalysts used in this work are beneficial due to the fact that in-situ doping and growth of nanowires at very low temperatures is conceivable. This work also demonstrates the realisation of solar cells utilising crystalline Si while eliminating a-Si:H layers that are predominantly used in radial junction SiNW solar cells [11, 13] . Solar cells fabricated in this work using only C-Si show promise towards the next generation of solar cell, which exploit the quantum properties of nanowires in achieving higher efficiencies and better stability. Studies have demonstrated that colossal injection of catalyst atoms is about four orders of magnitude greater than the equilibrium solubility [29] and the segregation of the diffused catalyst atoms occurs at stacking faults (twin planes, structural defects) in SiNWs [12] . Hence, the optimised doping process from catalyst atoms for uniform distribution in nanowires and controlling their concentration demands more investigation to achieve higher efficiency in solar cells.
Conclusion
This work has demonstrated the features of a multi-purpose catalyst that not only mediates but controls the growth morphology. Additionally, injection/diffusion of catalyst atoms takes part in doping nanowires. With a series of experiments, including Seebeck and solar cell analysis, it is clear that doping is established from specific metal catalysts whose ionisation energy levels lie in a close proximity to the conduction or valence band. Ga-and Bi-catalysed SiNWs in fabricated solar cells show higher efficiencies of 9.2% and 5.8%, respectively. This study completely excludes the use of expensive and toxic gases such as phosphine, trimethylborane, and diborane that are conventionally used for doping SiNWs. The catalyst doping simplifies the fabrication process and reduces the final cost. Along with the fabrication of SiNW solar cells, we are able to establish junctions from crystalline Si components excluding a-Si:H layers that are traditionally used in radial junction SiNW solar cells, which pose problems such as higher recombination rate and, importantly, poor stability.
